In contrast to allogeneic hematopoietic stem cell transplantation, the current dogma is not an evidence of graft-versus-tumor effect in autologous hematopoietic stem cell transplantation; thus, it is assumed that autologous hematopoietic stem cell transplantation only relies on the high-dose chemotherapy to improve clinical outcomes. However, recent studies argue in favor of the existence of an autologous graft-versus-tumor without the detrimental complications of graft-versus-host disease due to the nonspecific immune response from the infused donor alloreactive immune effector cells in allogeneic hematopoietic stem cell transplantation. Herein, this paper reviews the clinical evidence of an autologous graft-versus-tumor effect based on the autograft collected and infused host immune effector cells and host immunity recovery after autologous hematopoietic stem cell transplantation affecting clinical outcomes in cancer patients.
Introduction
The graft-versus-tumor effect [1] and donor lymphocyte infusion [2] have shifted our understanding from high-dose chemotherapy to the infused alloreactive donor immune effector cells as the underlying mechanism explaining the cancer curative potential of allogeneic hematopoietic stem cell transplantation. However, the immune response observed after allogeneic hematopoietic stem cell transplantation is not only tumor specific, as the donor alloreactive immune effector cells producing the graft-versus-tumor effect also result in graft-versus-host disease. On the other hand, the relapse rates reported after autologous hematopoietic stem cell transplantation are attributed to the assumption of the lack of graft-versus-tumor effect as seen in allogenic hematopoietic stem cell transplantation. In this paper, I will present clinical evidence that autologous graft-versus-tumor effect is a reality and no fiction.
Absolute Lymphocyte Count Recovery after Autologous Hematopoietic Stem Cell Transplantation
The simplest and less expensive immunological test is the absolute lymphocyte count obtained from the complete blood cell count. In allogeneic hematopoietic stem cell transplantation, early absolute lymphocyte count recovery, as a surrogate marker of immune reconstitution, is associated with prolonged survival [3, 4] . Our group analyzed the absolute lymphocyte count recovery at day 15 after autologous hematopoietic stem cell transplantation to assess if this biomarker has any prognostic ability to assess survival outcomes. We reported in patients treated with autologous hematopoietic stem cell transplantation for multiple myeloma and B-cell non-Hodgkin's lymphoma superior overall survival and progression-free survival if the absolute lymphocyte count at day 15 after autologous hematopoietic stem cell transplantation was equal to or greater than 500 cells/ L compared with those whose absolute lymphocyte count at day 15 after autologous hematopoietic stem cell transplantation was less than 500 cells/ L [5] . The absolute lymphocyte count at day 15 after autologous hematopoietic stem cell transplantation remained an independent prognostic factor for overall survival and progression-free survival by multivariate analysis for both conditions: B-cell non-Hodgkin's lymphoma and multiple myeloma. hematopoietic stem cell transplantation to predict clinical outcomes, we conducted a prospective study. Our prospective study revealed a 5-year overall survival rates of 80% versus 37% and 5-year progression-free survival rates of 63% versus 13% for lymphoma patients with an absolute lymphocyte count equal to or greater than 500 cells/ L compared with less than 500 cells/ L at day 15 after autologous hematopoietic stem cell transplantation, respectively [6] (see Table 1 ). The European Group for Blood and Marrow Transplantation approved a multicenter prospective study entitled "Graft and Outcome in Autologous Stem Cell Transplantation: A Prospective GOA Study." A recently published prospective study from the GOA confirmed in aggressive non-Hodgkin's lymphoma superior survival in patients with an absolute lymphocyte count equal to or greater than 500 cells/ L at day 15 after autologous hematopoietic stem cell transplantation compared with those who did not [7] (see Table 1 ). The absolute lymphocyte count at day 15 after autologous hematopoietic stem cell transplantation as a surrogate marker of host immune recovery provides the first indirect clinical evidence of an autologous graft-versus-tumor effect.
Day 15 Immune Effector Cells after Autologous Hematopoietic Stem Cell Transplantation
A limitation of the absolute lymphocyte count at day 15 after autologous hematopoietic stem cell transplantation is that it does not specify what lymphocyte subset is conveying the survival benefit. To address this limitation we analyzed the lymphocyte subset recovery at day 15 after autologous hematopoietic stem cell transplantation. We identified natural killer cells as the key lymphocyte subset at day 15 after autologous hematopoietic stem cell transplantation affecting survival. Our study revealed 5-year overall survival rates of 76% versus 36% and 5-year progression-free survival rates of 57% versus 9% for non-Hodgkin's lymphoma patients with an absolute natural killer cell count equal to or greater than 80 cells/ L compared with less than 80 cells/ L at day 15 after autologous hematopoietic stem cell transplantation, respectively [6] . The significance of natural killer cell recovery after autologous hematopoietic stem cell transplantation was further confirmed in multiple myeloma patients, as better clinical outcomes were documented with higher natural killer cell recovery numbers [8] . Our group also reported that non-Hodgkin's lymphoma patients with higher expression of interleukin-15 at day 15 after autologous hematopoietic stem cell transplantation was associated with natural killer (NK) cell recovery and survival with a 5-year overall survival rates of 79% versus 47% and 5-year progression-free survival rates of 63% versus 31% for patients with an interleukin-15 equal to or greater than 76.5 pg/mL compared with less than 76.5 pg/mL at day 15 after autologous hematopoietic stem cell transplantation, respectively [9] . As maintenance therapy after autologous hematopoietic stem cell transplantation is currently undergoing clinical trials [10] , our findings could provide a platform for the development of postautologous hematopoietic stem cell transplantation cytokine therapy to target specific host immunity effector cells to improve clinical outcomes in autologous hematopoietic stem cell transplantation.
Another immune effector cell factor that we identified as a negative prognostic factor for survival at day 15 after autologous hematopoietic stem cell transplantation is the absolute monocyte count. We identified that patients with an absolute monocyte count equal to or greater than 600 cells/ L did worst compared with patients with an absolute monocyte count less than 600 cells/ L: 5-year overall survival rates of 27% versus 74% and 5-year progression-free survival rates of 24% versus 68% for patients with an absolute monocyte count equal to or greater than 600 cells/ L compared with less than 600 cells/ L at day 15 after autologous hematopoietic stem cell transplantation, respectively [11] . There are currently no studies published analyzing the monocyte phenotype recovery after autologous hematopoietic stem cell transplantation. We are in the process of investigating if the monocytes recovery after autologous hematopoietic stem cell transplantation is monocytic myeloid-derived suppressor cells, as these types of immune effector cells have been implicated in the production of immunosuppressive cytokines, disruption of the class 1 major histocompatibility complex causing T-cells to become unresponsive to antigen-specific interaction, Fas-FasL interaction producing T-cell apoptosis, induction of regulatory T-cells, and inhibition of natural killer cells function and proliferation [12] . These immunosuppressive mechanisms of monocytic myeloid-derived suppressor cells could damper the benefits of an autologous graft-versus-tumor effect as they can directly affect natural killer cell function.
Autograft Lymphocytes as a Source of Absolute Lymphocyte Count Recovery in Autologous Hematopoietic Stem Cell Transplantation
The source of immune system recovery in recipients undergoing allogeneic hematopoietic stem cell transplantation can be directly traced and tested from the donor stem cells.
In autologous hematopoietic stem cell transplantation, the sources of absolute lymphocyte count recovery can be divided into two groups: (1) the host and (2) the autograft [30] . From the host, sources of lymphocyte recovery include host stem cells and host lymphocytes surviving the highdose chemotherapy. The host stem cells surviving highdose chemotherapy most likely do not influence day 15 absolute lymphocyte count after autologous hematopoietic stem cell transplantation because without the infusion of stem cells prolonged myelosuppression is observed. To identify host lymphocytes surviving high-dose chemotherapy after autologous hematopoietic stem cell transplantation is difficult in comparison with allogeneic hematopoietic stem cell transplantation where the development of mixed chimerism in allogeneic hematopoietic stem cell transplantation allows discrimination of host-versus-donor lymphocytes. Such discrimination is not possible in autologous hematopoietic stem cell transplantation until the development of humans' marking studies of autograft lymphocytes.
Advances in Hematology
The second source of absolute lymphocyte count recovery after autologous hematopoietic stem cell transplantation lies in the cells collected and infused from the autograft. The absolute lymphocyte count recovery after autologous hematopoietic stem cell transplantation could come from two autograft cell lines: (1) infused stem cells or (2) infused autograft lymphocytes. The autograft collection in our institution does not undergo any additional processing, such as T-cell depletion, beyond cryopreservation; thus, all cells collected in the autograft (stem cells and immune effector cells) are infused back to the patient. In order to understand the impact of the cells collected and infused from the autograft on postautologous hematopoietic stem cell transplantation on lymphocyte reconstitution (i.e., absolute lymphocyte count), we evaluated the impact of both autograft stem cells and autograft lymphocytes on the absolute lymphocyte count recovery after autologous hematopoietic stem cell transplantation. We identified no association between the amount of stem cells infused and day 15 absolute lymphocyte count after autologous hematopoietic stem cell transplantation. Nevertheless, a strong positive correlation was identified between the number of collected and infused autograft lymphocyte content and day 15 absolute lymphocyte count recovery after autologous hematopoietic stem cell transplantation. We named the autograft lymphocytes as autograft absolute lymphocyte count. Patients infused with higher numbers of autografts absolute lymphocyte count directly affected not only the day 15 absolute lymphocyte recovery but also clinical outcomes in patients with multiple myeloma and B-cell non-Hodgkin's lymphoma after autologous hematopoietic stem cell transplantation. Superior survival was observed in patients infused with an autograft absolute lymphocyte count ≥ 0.5 × 10 9 lymphocytes/kg [31, 32] . This finding has been recently confirmed by other investigators in multiple myeloma patients treated with autologous hematopoietic stem cell transplantation [33] . To validate the significance of this discovery, we just recently reported a Phase III double blind clinical trial demonstrating that, in B-cell non-Hodgkin's lymphoma patients infused with an autograft absolute lymphocyte count ≥ 0.5 × 10 9 lymphocytes/kg, experienced superior overall survival and progression-free survival compared with those who did not: 2-year overall survival rates of 95% versus 70%, < 0.004 and 2-year progression-free survival of 79% versus 50%, < 0.0025 [29] . These data support for the first time that the autograft absolute lymphocyte count is the biomarker producing an autograft graft-versus-tumor effect in patients undergoing autologous hematopoietic stem cell transplantation. Therefore, the autograft in autologous hematopoietic stem cell transplantation should be erroneously viewed not only for "bone marrow rescue" necessary for hematologic engraftment (i.e., recovery of white blood cells, red cells, and platelets) but also as an adoptive immunotherapeutic strategy whereas autograft immune effector cells directly influence cancer clinical outcomes. Our current clinical practice is changing to target not only enough stem cells for hematologic engraftment but also an autograft absolute lymphocyte count target of a value equal to or greater than 0.5 × 10 9 lymphocytes/kg for immunologic engraftment and improve clinical outcomes after autologous hematopoietic stem cell transplantation.
Autograft Immune Effector Cells
The association between autograft absolute lymphocyte count and survival sets a platform to investigate the specific immune effector cells in the autograft for the development of immunotherapeutic strategies to improve clinical outcomes after autologous hematopoietic stem cell transplantation. Among the autograft immune effector cells showing an association with better clinical outcomes after autologous hematopoietic stem cell transplantation included T-cells (specifically CD4) [25] , dendritic cells type 1 (cytotoxic) [24] , and natural killer cells [29] . Table 2 depicts the survival outcomes based on the infused autograft immune effector cells. All these autograft immune effectors could be used as targets to enhance host immunity antitumor activity to improve survival [34] . In addition to the above immune effector cells, monocytes are also collected in the autograft and infused back to patients. As day 15 absolute monocyte count has been reported to be a negative prognostic factor for survival, similarly, autograft absolute monocyte count is a negative prognostic factor for clinical outcomes after autologous hematopoietic stem cell transplantation. We combine the autograft absolute lymphocyte count, as surrogate marker of host immunity, and the autograft absolute monocyte count, as a surrogate marker of tumor microenvironment, into an autograft lymphocyte to monocyte ratio [26] [27] [28] . Patient with a higher autograft lymphocyte to monocyte ratio experienced superior survival after autologous hematopoietic stem cell transplantation (see Table 2 ). This simple ratio can be used to manipulate the autograft collection to ensure a higher lymphocyte to monocyte ratio to improve survival after autologous hematopoietic stem cell transplantation.
Autologous Immunologic Graft Engineering
The relationship between autograft immune effector cells and autograft absolute lymphocyte count and clinical outcomes after autologous hematopoietic stem cell transplantation warrants the development of strategies to engineer an immunologic competent autograft by maximizing immune effector cells harvesting with direct impact on immunologic recovery and survival after autologous hematopoietic stem cell transplantation.
One strategy relies on the time interval from last chemotherapy to proceed with autologous stem cell transplantation. The collection of the autograft absolute lymphocyte count directly depends of the peripheral blood absolute lymphocyte count at the time of apheresis collection [31] . This implies that the more immunocompetent the patient is at the time of apheresis collection increases the probability of yielding higher autograft absolute lymphocyte count as the patient has enough time to recover from the immunosuppressive effect of the chemotherapy [35] . Our group reported that Advances in Hematology 5 lymphoma patients with equal to or greater than 55-day interval from last chemotherapy experienced better overall and progression-free survival compared with lymphoma patient proceeding less than 55 days from last chemotherapy to autologous hematopoietic stem cell transplantation (median overall survival was not reached versus 21 months, < 0.0008 and median progression-free survival of 76 months versus 9 months, < 0.0025, resp.). The survival advantage between the groups of values equal to or greater than 55 days versus less the 55-day interval from last chemotherapy to autologous hematopoietic stem cell transplantation was attributed to the higher peripheral blood lymphocyte count at the time of apheresis collection leading to a higher collected and infused autograft absolute lymphocyte count translating into better clinical outcomes in the equal to or greater than 55 days versus less than 55 days groups [36] . Nevertheless, not all patients have the luxury to wait two months to allow for immune recovery from last chemotherapy to proceed with autologous stem cell transplantation. Therefore, other strategies are needed to maximize harvesting autologous immune effector cells.
A second strategy is to assess how the current stem cell mobilization regimens affect the collection of autologous immune effector cells (i.e., lymphocytes). Prior to the approval of Plerixafor for the mobilization of stem cells, the two stem cell mobilization modalities were the use of growth factor alone such as granulocyte-colony stimulation factor (G-CSF) and chemotherapy mobilization with the use of chemotherapy and G-CSF. We identified in multiple myeloma patients mobilized with G-CSF alone higher collection of autograft absolute lymphocyte count compared with multiple myeloma patients mobilized with G-SCF + Cytoxan chemotherapy (C + G-CSF: G-CSF = 0.764 × 10 9 lymphocytes/kg (range: 0.146-1.803) versus C + G-CSF of 0.212 × 10 9 lymphocytes/kg (range: 0.016-1.26), < 0.0001. Due to the higher collection of autograft absolute lymphocyte count in the G-CSF groups, the G-SCF experienced better survival compared with the C + G-CSF [37] . This observation has been confirmed by Hiwase et al. [38] , reporting also in multiple myeloma patients higher lymphocyte collection in the growth factor mobilized group versus growth factor and chemotherapy group. Superior survival was observed in the group that collected and infused higher number of autologous lymphocytes. Lymphoma patients were mobilized with chemoimmunotherapy (i.e., Rituximab); and growth factor versus chemotherapy and growth factors were associated with delayed lymphocyte recovery after autologous hematopoietic stem cell transplantation in the chemoimmunotherapy group [39] . These findings suggest that stem cell mobilization regimens using immunosuppressive agents such as Rituximab and chemotherapy are detrimental for the collection and infusion of autologous immune effector cells with direct impact on clinical outcomes after autologous hematopoietic stem cell transplantation.
G-CSF has been the backbone for stem cell mobilization. However, G-CSF has been associated with immunosuppressive effects such as the generation of myeloid-derived suppressor cells [40] and the generation of human T regulatory (Treg) cells [41] . To overcome the immunosuppressive side effects of G-CSF, another strategy is to combine G-CSF with agents to increase the proliferation and mobilization of autologous immune effector cells to collect and infuse besides stem cells to patients undergoing autologous hematopoietic stem cell transplantation. Plerixafor, a CXCR4 antagonist, has been approved to be used in combination with G-CSF for stem cell mobilization. In regard to immune effector cells, the CXCL12/CXCR4 has been identified as a chemokine signaling controlling T and NK cells trafficking, suggesting that Plerixafor could be used not only for stem cell mobilization but also as immune effector cells mobilization agent. Our group published that patients mobilized with Plerixafor achieved higher number of autograft absolute lymphocyte count, autograft CD3, CD4, CD8, and NK cells compared with control group that did not receive Plerixafor [42] . Recent studies have shown increased mobilization of T-cells (CD3, CD4, and CD8), NK cells, and dendritic cells in patients mobilized with Plerixafor [43, 44] . Thus, randomized studies comparing Plerixafor versus non-Plerixafor groups to assess autologous immune effector cells mobilization are warranted.
Since the infusion of autograft helper T-cells (CD4) and NK cells is associated with survival, cytokines specifically to target these immune effector cells are good candidates to test. In patients with breast cancer, Sosman et al. [45] demonstrated higher NK cell recovery at day 14 after autologous stem cell transplantation for patients mobilized with interleukin-2 and G-CSF compared with patients mobilized with G-CSF alone. Other cytokines candidates due to their NK cell proliferation effect to consider for specifically targeting autologous NK cells mobilization are interleukin-15 [46] and interleukin-21 [47] . Bruserud and Ulvestad [48] demonstrated in acute leukemia patients with treatment-induced cytopenias that interleukin-15 could also induce T-cell proliferation. This finding is significant because it makes interleukin-15 a more appealing cytokine to study for autologous immune effector cells mobilization as interleukin-15 targets the proliferation of both T-cells and NK cells. Interleukin-6 is another possible candidate as interleukin-6 increases CD4 survival and shifts CD4 differentiation to a helper T-cell (Th2) [49] . In addition, inteleukin-6 is a major inducer of interleukin-21 production in CD4. By upregulation of interleukin-21, interleukin-6 might enhance also NK cells proliferation [49] . Interleukin-7 has also been reported to increase T-cells proliferation (i.e., CD4 and CD8) from chemotherapy-induced leukopenia [50] . Furthermore, in patients with idiopathic CD4 lymphocytopenia, the administration of interleukin-7 resulted in the increase of circulating CD4 [51] . Interleukin-7 is important for thymopoiesis, T-cell homeostasis, and survival [52] . Thus, interleukin-7 could be considered for elderly patients undergoing autologous hematopoietic stem cell transplantation without a functional thymus as an individualized immune effector cell mobilization agent.
Another important factor in autograft immune engineering is cryopreservation to ensure that the infused autologous immune effector cells are viable cells. Our institution currently uses 10% dimethyl sulfoxide (DMSO) for cryopreservation. However, Akkök et al. [53] reported a comparison study of 5% versus 10% DMSO cryopreservation. The study identified no difference in regard to neutrophil and platelet engraftment. In addition, the day 15 absolute lymphocyte count recovery after autologous hematopoietic stem cell transplantation was the same between the 5% and 10% DMSO groups. An advantage of using 5% DMSO versus 10% DMSO is less graft volume, thus, allowing higher viable cell concentrations not only of stem cells but also of autologous immune effector cells.
Conclusion
The association between autograft absolute lymphocyte count, day 15 absolute lymphocyte count after autologous hematopoietic stem cell transplantation, and survival supports for the concept of an autologous graft-versus-tumor effect as the infusion of autograft lymphocytes has a direct impact not only on immune reconstitution but also on survival after autologous hematopoietic stem cell transplantation. In allogeneic hematopoietic stem cell transplantation, the strongest clinical evidence of a graft-versus-tumor effect comes from donor lymphocyte infusion. Similar argument can apply in the autologous hematopoietic stem cell transplantation as the autograft absolute lymphocyte count is another term for an autologous lymphocyte infusion with direct impact on clinical outcomes, thus, making an autologous graft-versus-tumor effect a reality and no fiction.
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